Cross-regulation of Homeotic Complex (Hox) genes by ectopic Hox proteins during the embryonic development of Drosophila melanogaster was examined using Gal4 directed transcriptional regulation. The expression patterns of the endogenous Hox genes were analyzed to identify cross-regulation while ectopic expression patterns and timing were altered using different Gal4 drivers. We provide evidence for tissue speci®c interactions between various Hox genes and demonstrate the induction of endodermal labial (lab) by ectopically expressed Ultrabithorax outside the visceral mesoderm (VMS). Similarly, activation and repression of Hox genes in the VMS from outside tissues seems to be mediated by decapentaplegic (dpp) gene activation. Additionally, we ®nd that proboscipedia (pb) is activated in the epidermis by ectopically driven Sex combs reduced (Scr) and Deformed (Dfd); however, mesodermal pb expression is repressed by ectopic Scr in this tissue. Mutant analyses demonstrate that Scr and Dfd regulate pb in their normal domains of expression during embryogenesis. Ectopic Ultrabithorax and Abdominal-A repress only lab and Scr in the central nervous system (CNS) in a timing dependent manner; otherwise, overlapping expression in the CNS in tolerated. A summary of Hox gene cross-regulation by ectopically driven Hox proteins is tabulated for embryogenesis. q
Introduction
The products of the homeotic (Hox) genes are DNA binding proteins that stimulate or repress transcription of target genes, via the homeodomain (Affolter et al., 1990) . The primary function of Hox genes in Drosophila is to specify cell fate and by virtue of their spatio-temporal expression patterns serve to produce the distinctive arrangements of cell types which impart a unique identity to each segment along the body axis (Akam, 1987) .
Several paradigms of Hox gene function have been proposed. These models describe genetic functions and molecular activities which are thought to be shared by all or a majority of the Hox genes. To date, much of the work has focussed on the more posteriorly expressed genes of the Bithorax-Complex (BX-C) (Lewis, 1978) , the results of which have been used to support several theories of how Hox genes function. Here we have examined the activity of ®ve Hox genes from the Antennapedia Complex (ANT-C) (Kaufman et al., 1990) as well as two from the BX-C to demonstrate that the current models have limited success in predicting Hox gene interactions in ectodermal tissues. Hox genes have been shown to interact both genetically and molecularly and the term posterior dominance has been proposed to describe the cross-regulation of these genes and the phenotypic consequences of their expression. Speci®cally, initial observations supported a regulatory hierarchy of transcriptional repression such that genes of the BX-C were capable of down regulating Antennapedia (Antp) (Hafen et al., 1994) while the more posteriorly expressed genes of the BX-C could repress Ultrabithorax (Ubx) (Struhl and White, 1985) . This down regulation of a more anteriorly expressed gene by those more posteriorly expressed, was then invoked to explain the phenotypes associated with both gain-and loss-of-function alleles at these loci (Hafen et al., 1994; Harding et al., 1985) . The model was further supported by biochemical evidence that Ubx could down regulate Antp (Beachy et al., 1988) .
The observation that ectopic expression of BX-C encoded proteins and Antp produced phenotypic transformations in the absence of cross-regulation (Gonzalez-Reyes and Morata, 1990) and that these phenotypes largely depended only on the expression of the most posterior gene, led to the conclusion that posterior dominance arose by`phenotypic suppression' rather than by cross-regulation (GonzalezReyes and Morata, 1990; Lamka et al., 1992) . Biochemical studies on BX-C encoded proteins provided evidence, which further supported the theory that competition among Hox encoded proteins of differing af®nities for their targets, produced phenotypic suppression (Appel and Sakonju, 1993) . In this model, the innate higher af®nity of the more posteriorly expressed proteins for shared target sites produces the phenomenon. Many of these interactions are conserved in vertebrate systems as well (Bachiller et al., 1994) .
Adjustments have been made to the posterior dominance theories since they were ®rst proposed and an extrapolation from the behavior of the vertebrate Hox paralogs has been recently generalized to a model of posterior prevalence. This latter view incorporates both posterior dominance and phenotypic suppression . However, the observation that phenotypic suppression of the anteriorly expressed genes Deformed (Dfd) and Sex combs reduced (Scr) by posterior genes was often incomplete led to the proposal that not all targets compete for Hox protein binding with equal af®nity and that some targets might be unique to speci®c Hox genes and therefore impervious to phenotypic suppression (Gibson et al., 1990; Gonzalez-Reyes et al., 1992; Morata, 1990, 1991; Lamka et al., 1992) . Recently, it has also been shown that the accumulation of additional region-speci®c homeotic gene products or accessory proteins (e.g. extradenticle, cap n' collar, teashirt, spalt, homothorax) has a profound effect on the phenotypic consequences of Hox gene function (Andrew et al., 1994; Gonzalez-Crespo and Morata, 1995; Kuhnlein et al., 1994; Mohler et al., 1995; Ryoo and Mann, 1999) . Moreover, it appears that the timing of BX-C gene expression is critical (Castelli-Gair et al., 1994) . In addition to variations on this theme, phenotypes associated with Hox cross-regulation are further complicated by a lack of hierarchial interactions between Hox transcription factors and targeted signaling genes such as decapentaplegic (Capovilla and Botas, 1998) . There are also regulatory effects on Hox activity by phosphorylation from kinases such as casein kinase II (Jaffe et al., 1997) .
Hox gene interactions appear to be tissue speci®c in nature. Ectopic expression of ANT-C (anterior) Hox proteins demonstrate homeosis in the PNS and in the cuticle that contradict phenotypic suppression (Heuer and Kaufman, 1992) . Patterns of epidermal Hox expression contribute signi®cantly to cuticular structures of a segment where cross-regulation plays a role in establishing these patterns (Macias and Morata, 1996; Riley et al., 1987) . Most examples of cross-regulation among Hox genes in any given segment are characteristically negative and ®t the paradigm of posterior dominance. However, studies with vertebrate central nervous system (CNS) enhancers demonstrate direct positive cross-regulation between Hox genes when tested in Drosophila (Gould et al. 1997; Dolle et al., 1993; Ferretti et al., 2000; Jacobs et al., 1999; Maconochie et al., 1997) .
Other experimental observations complicate our understanding of Hox regulatory models. For example, repression can be accomplished between Hox genes indirectly through signal transduction pathways where Hox genes regulate the expression patterns of the diffusible agonists that stimulate signaling cascades (Capovilla and Botas, 1998; Bienz, 1996; Yu et al., 1998) . These same signaling pathways are also necessary for proper expression levels of the Hox genes (for a review, see Bienz, 1998) .
In this study we examine Hox cross-regulation in embryonic ectodermal and mesodermal tissues and generate a survey of Hox regulatory interactions in these tissues. We demonstrate that both Scr and Dfd are required for the normal epidermal expression of pb in the labial and maxillary lobes as well as in the mandibular mesoderm. Additionally, we provide preliminary evidence that signaling tissues other than the visceral mesoderm (VMS) contribute to midgut development as demonstrated by the extrinsic regulation of the lab and Scr genes in the endoderm and VMS, respectively. These non-autonomous effects are associated with ectopic Hox protein accumulation in other tissues, suggesting that multiple tissues may be contributing to normal midgut development through signal transduction.
Results
Three separate Gal4 drivers were used to stimulate transcription from the various Hox responders. A thorough characterization of each Gal4 driver was made in an attempt to clarify cross-regulatory results for the resident Hox genes. Each driver expresses the yeast Gal4 transcriptional activator in distinct tissues and temporal patterns, while each responder expresses a functional Hox protein in response to Gal4 activation. We analyzed the effects of ectopic Hox protein accumulation on the expression of other Hox genes during embryonic development by immuno-chemical detection of these proteins.
The Gal4 drivers have distinct spatial and temporal expression patterns
The three drivers used were P{w 1mW.hs GawB}31-1; P{w 1mW.hs GawB}69B (Brand and Perrimon, 1993) (Appel and Sakonju, 1993) , and one that encodes a nuclear localized b-galactosidase (Jacobsen, 1999) . Embryos carrying both driver and responder ectopically express the corresponding responder protein and are referred to as driver .responder animals. For example,¯ies carrying both P{w 1mW.hs GawB}69B and P{w 1mC UAS::Ubx} are called 69B .Ubx. Fig. 1 shows representative expression patterns by Ubx immuno-localization for 31-1 .Ubx (Fig.  1A±C ), prd .Ubx (Fig. 1E±G) , and 69B .Ubx (Fig.  1I±K ). We further characterized expression domains for these Gal4 drivers by immuno-localization of nuclear LacZ and confocal imaging of 31-1 .LacZ (Fig. 1D ), prd . LacZ (Fig. 1H) , and 69B .LacZ (Fig. 1L) . The P{w 1mW.hs GawB}31-1 driver is not expressed prior to stage 9 (Fig. 1A) but produces a low level transient expression of the responders in the ectoderm by stage 10 (Fig. 1B) . Expression becomes restricted to the central (CNS), peripheral nervous system (PNS) (not shown), amnioserosa (not shown), salivary glands (SG) and scattered endodermal accumulation (ENDO) by stage 14 (Fig.  1C,D) . At this time there is no apparent epidermal nor mesodermal expression in the gnathos, thorax or abdomen. Expression in the CNS persists through embryonic development.
Prior to stage 9, P{w 1mC prd::Gal4} is expressed unevenly in stripes in the second thoracic (T2), ®rst, third, ®fth and seventh abdominal segments (A1, A3, A5, A7) and throughout the gnathal segments (Fig. 1E) . Expression intensi®es through stage 14 (Fig. 1F,G) , and is present in both ectodermal and mesodermal tissues (arrow in Fig. 1F ) but fades to low levels in later embryos (stage 15±17, not shown). Notice the genesis of the segmental register shift between the CNS and other tissues (EPI/VMS) by the prd expression pattern that occurs between stage 10 and stage 15 embryos (compare Fig. 1F with 1H) . P{w 1mW.hs GawB}69B is ®rst expressed in stripes and patches in the ectoderm (Fig. 1I ) and gradually intensi®es in all ectodermal cells, the somatic mesoderm, salivary glands, and a few scattered cells of the VMS (Fig. 1J ,K,L) as well as the amnioserosa (not shown). P{w 1mW.hs GawB}69B dependent expression persists at least until stage 17 during embryogenesis (not shown).
Lethality caused by ectopic Hox protein expression
All of the driver lines were crossed to the responder constructs and a lethal phase analysis performed on each cross. All of the 31-1 .Hox and 69B .Hox crosses Fig. 1 . Gal4 driver pattern characterizations. Antibodies to Ubx was used to detect the expression pattern of the responder P{w 1mC UAS::Ubx} under the control of three different Gal4 drivers. 31-1 .Ubx (A±C), prd .Ubx (E±G) and 69B .Ubx (I±K) embryos are shown at three developmental stages: stage 9 (A,E,I), stage 10 (B,F,J), and stage 13 (C,G,K). Nuclear localized LacZ was utilized as a marker for Gal4 driver tissue speci®city using confocal microscopy shown at stage 14, lateral and dorsal views respectively (D,H,L). Like endogenous Ubx, expression from P{w 1mC UAS::Ubx}, protein accumulation is nuclear and the intensity of expression can be determined by comparing domains of ectopic with endogenous Ubx accumulation (* in C and K). The principle domain of expression of P{w 1mW.hs GawB}31-1 is in the central nervous system (CNS) (panel C), and peripheral nervous systems (not shown). However, we also see accumulation in the endoderm and salivary glands (ENDO and SG, panel D) . As shown in panels (E±H) the expression of P{w 1mC prd::Gal4} is in the gnathal and procephalic lobes and alternating trunk segments (T2, A1, A3, etc.). P{w 1mC prd::Gal4} driver tissues include the mesoderm (arrows, E,F), epidermis (EPI), CNS and visceral mesoderm (VMS) as shown in panel (H). P{w 1mW.hs GawB}69B drives expression primarily in the embryonic ectodermal tissues (I±L). This driver is expressed broadly over the embryonic epidermis (EPI), somatic mesoderm (SM), CNS, salivary gland (SG) and scattered nuclei in the VMS (I± L). P{w 1mC prd::Gal4} produces detectable protein earliest, prior to stage 9 (E). P{w 1mW.hs GawB}31-1 drives expression latest of the three drivers at stage 10 (B). Scale bars is 50 mM in all ®gures. result in signi®cant reductions in viability. In general, it was noted that the homeotic genes normally expressed more posteriorly cause the earliest time of demise. Crosses involving the P{w 1mC prd::Gal4} driver in combination with various Hox responders gave embryonic lethality. The exception to this was prd .Lab, in which case only semi-lethality was observed despite the fact that signi®cant levels of Lab were seen (data not shown).
Cross-regulation of lab
The ectodermal expression of the lab gene is highly sensitive to negative regulation by the other Hox proteins ( Fig. 2 and Table 1 ). However, there are signi®cant differences in the extent and tissue speci®city of lab repression which depends on the spatio-temporal pattern of each driver and the responding protein. Lab normally accumulates in the embryonic ectodermal cells of the dorsal ridge (DR), intercalary segment (IC), and the CNS as well as parasegment 7 (ps7) of the midgut endoderm ( Fig. 2A ; Diederich et al., 1989) . There is little or no repression of lab expression in any ectodermal tissues by the 31-1 Gal4 driver as shown for 31-1 .Ubx (Fig. 2B ). However, we do ®nd that lab is strongly repressed in the epidermis by Ubx expression in prd .Ubx ( Fig. 2C ) and 69B .Ubx animals ( Fig. 2D) . Additionally, lab expression levels are reduced or eliminated in the epidermis by persistent ectopic epidermal expression (69B .Hox) for all of the other Hox proteins tested here (Dfd, Scr, Antp, and Abd-A) ( Table 1) . Despite overlapping expression, 31-1 .Ubx doesn't signi®cantly repress lab in the CNS (Fig. 2B ) while prd .Ubx and 69B .Ubx do (Fig. 2C ,D, respectively).
The induction of endodermal lab expression by Ubx from the adjacent VMS has been previously demonstrated (for review see Bienz, 1996) . This process relies primarily on the expression of decapentaplegic (dpp) in the VMS (Riese et al., 1997) . We observe ectopic lab expression in the midgut endoderm in 31-1 .Ubx, prd .Ubx and 69B .Ubx animals (Fig. 2B±D arrows) . It is not surprising that ectopic lab expression in the anterior midgut endoderm is observed with the prd .Ubx combination (Fig.  2C arrows) since this drives expression in the vms. However, lab expression in the endoderm can also be seen to expand anteriorly and posteriorly in both the 69B .Ubx and 31-1 .Ubx genotypes (Fig. 2B ,D arrows). Recall that there is only scattered (69B) or no detectable (31-1) expression in the VMS with these drivers (Fig. 1D,L) . Interestingly, in all three genotypes, ectopic Ubx expression does not generally affect midgut constriction morphology. This tissue in a majority of animals, appears relatively unaltered as evidenced by the presence of normal ®rst (1st) and second (2nd) midgut constrictions ( Fig. 2B±D) . Infrequently, 69B .Ubx does appear to affect the ®rst constriction (Fig. 5A,B ). Head involution, associated with the anterior migration of the dorsal ridge (DR), is severely disrupted in these embryos (Fig. 2) .
Scr and Dfd both positively and negatively regulate pb
In wild type embryos, pb is expressed in epidermal cells of the maxillary (Mx) and labial lobes (Lb) and the ventral mandibular mesoderm (Mn) (Fig. 3A,B) , as previously reported (Mahaffey et al., 1989; Pultz et al., 1988) . Pb demonstrates that normal accumulation of Lab protein, in wild type embryos, occurs in the intercalary segment (IC), the dorsal ridge epidermis (DR), the CNS, and endodermal cells of parasegment 7 (PS7) between the ®rst (1st) and second (2nd) constrictions of the midgut. Lab accumulation is monitored in the presence of ectopic Ubx using three Gal4 drivers. 31-1 .Ubx induces ectopic endodermal lab expression in domains anterior and posterior (arrows) to its normal expression as shown in panel (B). However, epidermal expression in the DR and IC is reduced while CNS expression appears to be unaffected. Panel (C) shows an embryo with prd .Ubx that induces ectopic endodermal lab expression anteriorly in the midgut (arrows) while nearly all ectodermal lab expression (IC, DR, CNS) is repressed. Panel (D) shows that 69B .Ubx induces ectopic endodermal lab expression bidirectionally (arrows); meanwhile, epidermal expression (IC, DR) is repressed and CNS expression is reduced. Notice the presence of normal gut constrictions in all cases while head involution is severely disrupted. also accumulates in the hypopharyngeal associated mesoderm (HAM) and transiently (stages 14±15) in the proventricular associated mesoderm (PAM) of the midgut (data not shown, Bate and Martinez Arias, 1993) . We ®nd that Scr and Dfd positively regulate pb in a subset of the embryonic head segments. Ectopic expression of Scr and Dfd proteins activate pb in the antennal segment (Ant) of the embryonic epidermis. We observe ectopic pb expression in prd .Dfd embryos (Fig.  3C arrow) . Ectopic pb expression is also seen with prd . Scr (Fig. 3E arrow) . However, prd .Scr represses pb in the mandibular mesoderm (Mn) (Fig. 3F, arrow) . In fact, all prd .Hox combinations, except Lab (data not shown) and Dfd (Fig. 3D) , negatively regulate mesodermal pb expression (data not shown). We obtained the same tissue speci®c cross-regulation of pb in 69B .Hox embryos (Table 1) . These results prompted us to examine wild-type interactions between pb, Dfd and Scr.
Animals homozygous for the null alleles Scr 4 and Dfd 16 (Lindsley and Zimm, 1992; The FlyBase Consortium, 1999) fail to accumulate Pb in a wild-type pattern. In Fig. 4A ,B, we show that Dfd 16 homozygous embryos exhibit reduced anterior maxillary expression of pb (arrow) while levels appear to be normal elsewhere. Scr 4 homozygous embryos show reduced pb expression in the posterior labial segment (arrow) and normal expression elsewhere (Fig. 4C,D) . Scr 4 Dfd 16 homozygotes show a nearly complete absence of pb expression (Fig. 4E,F) . Thus, it would appear that Scr and Dfd are responsible for activating pb in the epidermal cells of the labial and maxillary segments as well as the mandibular mesoderm.
Hox proteins and cross-regulation in the epidermis
Ectopic epidermal expression of Scr, Antp, Ubx and Abd-A often repress their more anteriorly expressed Hox gene paralogs, cell autonomously, (summarized in Table 1 ). This is exempli®ed by the 69B .Hox and prd .Hox genotypes where posterior dominance is predominant as epidermal expression of the more anterior Hox genes are repressed or signi®cantly reduced. The exception to this hierarchy is seen for pb where we ®nd that ectopic epidermal expression of Scr and Dfd actually activate epidermal pb expression (Fig. 3) . It should also be noted that pb, Dfd and Scr are not repressed in epidermal tissues by ectopic Antp protein (Table 1) . This indicates that Antp is not having a direct effect on the pb locus itself and is therefore not obeying the rule of posterior dominance, nor is it interfering with Scr and Dfd at their target (pb), thus failing to demonstrate phenotypic suppression.
Ectopic expression of Scr, Ubx and Abd-A driven by prd::Gal4 and 69B::Gal4 demonstrate similar repressive effects on endogenous Dfd expression (Table 1) . For all these genotypes, we see that Dfd repression is variable from dorsal to ventral. In wild type embryos, Dfd is initially expressed throughout the epidermis of the maxillary and mandibular segments but later fades from the dorsal region of the maxillary and the anterior region of the mandibular segment Diederich et al., 1991; Jack et al., 1988; Mahaffey et al., 1989) . Dfd is also expressed in the ventral dorsal ridge. Dfd was most sensitive to repression by ectopic Hox proteins in a ventral subset of its expression domain. In 69B .Scr, 69B .Ubx, and 69B .Abd-A animals, Dfd accumulation is reduced in only a small number of cells in the posterior ventral regions of the mandibular and maxillary segments. However, a more complete repression of Dfd in the dorsal ridge and ventral head (mandibular) expression was observed for prd . Ubx and prd .Abd-A. No effects on Dfd by ectopic Lab or Antp were observed (Table 1) . Otherwise, dorsal ridge and mandibular accumulation are lost or greatly reduced, as predicted by posterior dominance. However, the lateral (maxillary) domain is only slightly reduced while the Dfd CNS expression appears normal in all ectopic ectodermal Hox expression genotypes.
Scr regulation in the VMS by ectopic Hox proteins
An examination of Scr expression in animals ectopically expressing other Hox proteins gives several surprising results. We ®nd that native Scr expression in the VMS is repressed by 31-1 .Ubx ectopic expression (Fig. 5A) , despite the fact that this driver shows no signi®cant expression in this tissue when examined in combination with the LacZ responder (Fig. 1D) . Similarly, 69B .Ubx causes repression of Scr in the VMS (Fig. 5B) while the LacZ responder demonstrates only scattered expression of this driver in the VMS (Fig. 1L) . In contrast, 69B .Abd-A shows ectopic Scr expression (posteriorly) in the VMS (Fig.  5C, arrow) . Lastly, all prd .Hox combinations produced no changes in Scr expression in the VMS (Table 1) correlated with the fact that this driver is not expressed in this segment of the VMS (Fig. 1H) .
Activation of the dpp-LacZ reporter in the visceral mesoderm (VMS)
In order to determine if dpp is involved in the observed Hox gene cross-regulation in the VMS and the ectopic expression of lab in the endoderm, we monitored the expression of the P{w 1mC dpp
RD2
::LacZ} reporter (henceforth called dpp-LacZ). This reporter mimics the expression of dpp in the VMS (Hursh et al., 1993) . The wild-type expression of Ubx (green) and dpp-LacZ (red) in the VMS is shown in Fig. 6A . Here we see the typical dpp-LacZ expression in ps3 and ps7 of the VMS while overlapping Ubx expression (yellow) is found only in ps7 (Fig. 6a) . Fig. 6B shows a 31-1 .Ubx embryo that exhibits ectopic dppLacZ expression from ps3 through ps7 of the VMS. Within this extensive domain of dpp-LacZ reporter expression, we see scattered co-expression of Ubx in the VMS (Fig. 6b,  arrows) . Recall that the 31-1 driver expresses in the CNS, epidermis, endoderm and somatic mesoderm, but not the VMS (Fig. 1D) . In Fig. 6C , we ®nd that there is also ectopic dpp-LacZ expression from ps3 through ps7 in 69B .Ubx animals which overlaps extensively with Ubx accumulation (yellow) in the VMS. However, the 69B driver only produces scattered expression in the VMS in addition to its primary domains in the epidermis, somatic mesoderm, and CNS (Fig. 1L) .
Limited cross-regulation in the CNS of 69B .Hox and prd .Hox animals
Despite several previous observations of Hox cross-regulation in the CNS (Harding et al., 1985; Struhl and White, 1985; Wedeen et al., 1986) , posterior dominance is limited to repression of lab (CNS) by ectopic Ubx for all 69B .Hox combinations (Table 1) . Meanwhile, only lab and Scr gene repression is found in the CNS with the prd .Hox driver combinations and only by ectopic accumulation of Ubx and Abd-A (Table 1) . A rationalization of this difference will be presented in the Discussion (Section 3.5).
Discussion
We have conducted a detailed analysis of Hox gene crossregulation in the Drosophila melanogastor embryo. We utilized the yeast Gal4 transcriptional activation system to control ectopic expression of Hox proteins (Brand and Perrimon, 1993) . Previously described paradigms such as posterior dominance, phenotypic suppression and posterior prevalence are tested and found to be of limited application in this study. Cross-regulatory interactions demonstrate timing dependency as well as tissue speci®city. Signal transduction is implicated in some of these interactions as well. We are led to conclude that Hox cross-regulation frequently occurs through signal transduction pathways and that this type of interaction is occurring more often than previously considered.
Gal4 driver expression patterns demonstrate discrete spatial temporal localization
As previously described (Brand and Perrimon, 1993) , we ®nd that the 31-1 .Hox (driver .responder) combination expresses primarily in the CNS of the embryo. prd . Hox shows expression in the ectoderm and mesoderm in the gnathos and every other trunk segment beginning with the mesothorax; while 69B .Hox displays primarily ectodermal expression. However; closer observations using confocal microscopy in combination with a responder encoding nuclear localized LacZ demonstrates that additional tissues are accumulating Gal4 for all three drivers (Fig. 1) . These additional tissues demonstrate signi®cant LacZ accumulation and probably represent levels suf®cient to affect Hox gene interactions and care must be taken in any interpretation of the observed effects of ectopic Hox protein expression. Moreover, the observed expression patterns and responses must also take into consideration the differences between LacZ stability compared to the Hox proteins.
The labial gene demonstrates complex regulatory interactions with other Hox proteins in a time and tissue speci®c manner
The expression of the lab gene is regulated in a time and tissue speci®c manner by ectopic Ubx accumulation. Lab accumulation in the CNS and epidermis are differentially affected by ectopic Ubx. lab repression in the CNS only occurs in prd .Ubx animals even though both the 31-1 .Ubx and 69B .Ubx demonstrate expression in this tissue. However, 31-1 .Ubx animals do not show signi®cant accumulation of Ubx in the CNS prior to stage 9 while 69B .Ubx genotypes do (Fig. 1) . This suggests that timing may be the critical factor in setting up regulatory interactions between these genes, a fact that has been previously demonstrated with other Hox gene interactions (Lamka et al., 1992) . If timing is the difference between the 31-1 .Ubx and 69B .Ubx repression of lab in the CNS, then after stage 9, the locus becomes immune to Ubx's negative in¯uence. This could be due to the absence of an important cofactor, the masking of a lab cis-regulatory site used by Ubx, or changes in the signaling environment. Driver expression levels in the nearby VMS may be a factor since the prd .LacZ confocal images shows signi®cantly more LacZ accumulation there (compare Fig. 1H,L) .
Expanded endodermal lab induction is demonstrated in all three driver .Ubx combinations (Fig.2 arrows) . Normally, endodermal lab expression is activated by Ubx in the VMS through a signaling mechanism involving dpp (Hursh et al., 1993; Riese et al., 1997) . However, only the prd .LacZ combination showed signi®cant VMS accumulation which indicates that the VMS may not be the only tissue contributing to this process. It is possible that the observed 31-1 driver expression in the endoderm (Fig.  1D) could autonomously activate the Ubx/Dpp/Lab cascade and provide the observed expansion of Lab accumulation. Additionally, the sparse VMS accumulation seen using the 69B driver (Fig. 1L ) could re¯ect suf®cient ectopic Ubx accumulation to activate the Dpp signal and subsequent lab induction in the endoderm. Consistent with this latter possibility is the fact that the dpp gene demonstrates autocatalytic regulation in this tissue and could amplify low level stimulation by ectopic Ubx (Hursh et al., 1993) . The activation of dpp-LacZ in the VMS by 31-1 .Ubx and 69B .Ubx (Fig. 6) , suggests that this signaling pathway is involved. We do ®nd reduced ®rst midgut constrictions in a few 69B .Ubx and 31-1 .Ubx embryos (Fig. 5A,B) , likely due to high levels of Dpp protein and subsequent Antp repression (Tremml and Bienz, 1989; . Typically, however there is not enough ectopic Ubx expression in the VMS by any driver .Ubx combination to repress the ®rst midgut constriction (Fig. 2) . Despite this, we do see expansion of the Lab endodermal domain in these animals indicating that either the threshold response for lab induction is lower than that for Antp repression or that there is signaling source other than the VMS for the Ubx generated signal. This signal could originate from the CNS for 31-1 .Ubx (Fig. 1D) ; or the CNS, SM and EPI for 69B .Ubx (Fig. Fig. 6 . Activation of dpp reporter gene dpp-LacZ in the VMS. All embryos were stained with antisera against Ubx protein (green) and LacZ (red) and imaged by confocal microscopy. (A) Wild-type embryo demonstrating VMS dpp-LacZ expression at ps3 and ps7 and Ubx co-expression at ps7 of the midgut (yellow). LacZ staining (red) in hindgut (hg) is non-speci®c. (B) 31-1 .Ubx embryo with expanded dpp-LacZ from ps3±7 of the VMS and scattered co-expression (yellow) of Ubx (arrows). (C) 69B .Ubx embryo with expanded dpp-LacZ from ps3±7 of the VMS and co-expression (yellow) of Ubx (arrows). Close-ups are designated with lower case letters. 1L). Additionally, the amnioserosa normally exhibits dpp expression (Arora and Nusslein-Volhard, 1992) where we observe 31-1 .LacZ and 69B .LacZ expression (data not shown). Gal4 activation of the Ubx responder in the amnioserosa could contribute to dpp activation levels and hence the pool of the diffusible agonist through stage 14.
Regulation of pb expression by Dfd and Scr
The pb gene is normally expressed during embryogenesis but mutants have no apparent embryonic phenotype (Pultz et al., 1988) . However, ectopic Pb protein in the embryo does produce homeotic transformations in embryos (Miller et al., 2001 ). These observations suggest that the regulation of pb expression during embryogenesis may be important for proper development. We have demonstrated that both Scr and Dfd are necessary for establishing the proper expression patterns of pb during embryogenesis. Although ectopic Scr and Dfd function equivalently to activate pb in the antennal segment epidermis, they have an opposite effect on native pb expression in the mandibular mesoderm (Mn) (Fig. 3) . Ectopic Dfd accumulation has no signi®cant effect on pb expression in the Mn, which is part of the Dfd expression domain (Diederich et al., 1991; Mahaffey et al., 1989; Martinez-Arias et al., 1987; Merrill et al., 1987) . However, ectopic expression of Scr by the prd and 69B drivers repress pb expression in the Mn (Fig. 3F, Table 1 ) demonstrating opposite tissue speci®c regulation of pb by Scr.
Genetic analyses demonstrate native regulatory interactions between pb, Dfd and Scr during embryogenesis. The reduction of pb expression in Dfd and Scr mutant backgrounds shows that normal pb expression is dependent on these genes (Fig. 4) . Dfd is required in the mandibular mesoderm (Mn Fig. 3 ) and anterior maxillary (Mx) segments. Similarly, Scr is necessary in the posterior Mx and Labial (Lb) segments. The functional signi®cance of these regulatory interactions is debatable due to the lack of mutant embryonic phenotypes in pb nulls (Pultz et al., 1988) ; however, the evolutionary implications are perhaps more interesting. Positive cross-regulation between Hox genes has not been previously demonstrated in Drosophila except through signal transduction (Bienz, 1996) . Nevertheless, vertebrate enhancers that are responsible for direct positive cross-regulation exhibit similar activity when tested in Drosophila (Gould et al., 1997) suggesting that these differences are probably due to evolutionary changes at cis-regulatory elements. Since there is no clear mutant pb embryonic phenotype, these apparently direct positive Hox regulatory interactions between Scr, Dfd and pb may be atavistic and non-functional in derived insects such as Drosophila. However, these cis-regulatory elements may also be necessary for proper Hox gene expression later in development when pb is essential for the morphogenesis of adult structures (Kapoun and Kaufman, 1995; Randazzo et al., 1991; Pultz et al., 1988) .
Hox cross-regulation in the VMS through signal transduction
The down regulation of Scr and Antp in the VMS by ectopic Ubx accumulation cannot be clearly explained by direct transcriptional repression (posterior dominance). Based on the N.LacZ responder results (Fig. 1) , 31-1 .Ubx animals should not accumulate signi®cant amounts of Ubx in the VMS while 69B .Ubx should only produce scattered expression in this tissue. However, direct detection of Ubx protein in these embryos indicates that low level expression of Ubx is activated in VMS cells. If the effect of the drivers is not direct, then what caused the accumulation of Ubx in the VMS? We propose that this occurs by the induction of ectopic dpp in this tissue (Fig.  6 ). In this model, ectopic Ubx accumulation in other tissues (outside the VMS) generates a signaling cascade (presumably dpp) that reaches the VMS to stimulate the dpp autocatalytic feedback (Hursh et al., 1993) . The appearance of Ubx accumulation in the VMS indicates that Ubx is involved in this dpp positive regulatory loop.
Other data support this model for Ubx/dpp signaling in¯uences from nearby tissues. For example, the dppLacZ reporter is activated in the VMS in the 31-1 .Ubx and 69B .Ubx genotypes (Fig. 6 ) where, coupled with other regional signaling in¯uences, dpp has been shown to activate Ubx in the VMS (Bienz, 1994; Brand and Perrimon, 1993; Hursh et al., 1993; Waltzer and Bienz, 1999) . Additionally, the activation of ectopic lab expression in the adjacent endoderm indicates that dpp expression has been induced from these drivers (Fig. 2) . Moreover, occasional repression of Antp (Table 1) , the ®rst midgut constriction and Scr (Fig. 5) , with both of these Gal4 drivers, suggests that ectopic dpp expression occurs; as dpp has been shown to repress both Scr and Antp (Panganiban et al., 1990; . Additionally, 69B .Dpp has been shown to regulate bagpipe and pox meso in the VMS . Hence, activation of dpp-LacZ suggests that dpp is responsible for the repression of Scr and Antp in the VMS. There is no apparent activation of dpp-LacZ in the CNS, epidermis nor somatic mesoderm in 31-1 .Ubx nor 69B .Ubx animals (Fig. 6) ; however, additional studies suggest that Ubx expression and dpp signaling from other tissues may naturally function to regulate Scr expression in the VMS (Miller et al., 2001) . The dpp-LacZ construct does not entirely mimic the dpp gene expression, only the VMS expression, as it does not contain all the necessary regulatory elements (Hursh et al., 1993 ). Since we do not detect dpp-LacZ expression in other tissues, we cannot rule out that driver .Ubx experiments actually signal through other pathways. However, it does appear that Ubx directed signaling from the CNS, epidermis or the SM is capable of in¯uencing Hox expression in the VMS and subsequently lab expression in the endoderm. Interestingly, 69B .Abd-A represses Ubx in ectodermal tissues (Table  1) and appears to produce a slight posterior expansion of Scr expression in the VMS (Fig. 5C) . Notably, the posterior boundary of Scr expression in the VMS is regulated in part, by Ubx expression (Miller et al., 2001 ).
Hox genes show regulatory interactions that are tissue speci®c
The summary of Hox cross-regulation presented in Table  1 demonstrates the tendency of the posteriorly expressed genes to repress those with more anterior domains. However, there are clear exceptions to this generalization. For example, prd .Antp and 69B .Antp show no apparent repression of Dfd and Scr. Similarly, ectopic Scr and Dfd proteins have no effect on lab gene expression while we ®nd positive regulation of pb by Dfd and Scr as discussed above. Other exceptions are more subtle and are discussed below.
Only two of the Hox genes tested, Scr and lab, are affected in the CNS by expression of more posterior members of the complexes. Additionally, Scr repression occurred only when the prd .Hox driver combinations were used ( Table 1 ) which suggests that timing (early expression) is critical for signi®cant down regulation. Persistent expression is probably also important since signi®cant lab CNS repression is seen in both prd .Ubx and 69B .Ubx animals (Fig. 2C,D) but not in the 31-1 .Ubx genotypes (Fig. 2B) , which exhibit high early expression levels that fade by stage 15. Other than these examples, surprisingly few instances of posterior dominance (transcriptional repression) of Hox genes from the ectopically expressed Hox proteins were observed in the CNS during embryogenesis.
Endodermal expression of lab appears to be entirely regulated by signaling from other tissues. dpp signaling from the VMS is primarily responsible for activating lab in the midgut endoderm while the posterior boundary of lab expression is set by wingless (for review see Bienz, 1996) . Despite the fact that we see signi®cant levels of LacZ accumulation in the endoderm in 31-1 .LacZ embryos (Fig.  1D) , we see no repression of endodermal lab in 31-1 .Ubx animals. In fact, these animals demonstrate expanded endodermal lab expression (Fig. 2B) . Our results suggest that lab expression in the endoderm may be regulated entirely by signaling cascades and not through direct Hox interactions. Moreover, it is possible to conclude that the environment in the endoderm is not compatible with Ubx's role in other tissues as a negative regulator of lab.
As mentioned above, epidermal Hox interactions seem to ®t the posterior dominance model best (see Section 2.4). That is, the observed effects on resident Hox gene expression caused by ectopic Hox protein accumulation usually exhibit repression of the more anteriorly expressed gene (summarized in Table 1 ). Antp represents the predominant exception to this hierarchy. We ®nd that ectopic Antp protein represses lab expression in epidermal cells but has no signi®cant effect on pb, Dfd or Scr expression in this tissue (Table 1) . However, Antp normally restricts the posterior domain of Scr in the VMS in a manner that appears to be mediated through short-range signaling (Miller et al., 2001 ). Since there is such a clear effect on the most anteriorly expressed Hox gene lab, while three Hox genes expressed more posteriorly to lab (yet anterior to Antp's domain) appear to be refractory to Antp's negative control, it would appear these indifferent Hox genes or some other factor is negating Antp's in¯uence. A resolution of the underlying cause of this observation; however, awaits further experimentation.
In summary, cross-regulation of the Hox genes cannot be described effectively by generalized models such as posterior prevalence. Different tissues exhibit unique characteristics and timing dependent interactions among the Hox genes. Moreover, signal transduction pathways complicate interpretations of cross-regulation between Hox genes in these ectopic expression experiments since these pathways are not always subject to current regulatory paradigms (Capovilla and Botas, 1998; Miller et al., 2001 ). Observations that Scr and Dfd positively regulate pb in a tissue speci®c manner suggests that some interactions may be atavistic or perhaps, only signi®cant in other developmental stages. Posterior prevalence occurs frequently but speci®c interactions demonstrate extensive variability; however, much of this variability is likely due to indirect signaling cascades set up by the Hox genes themselves.
Experimental procedures

Fly stocks carrying GAL4 drivers and responders
Targeted ectopic expression of UAS responder constructs was accomplished in a tissue speci®c manner with three different Gal4 driver lines: P{w 1mW.hs GawB}31-1 (Brand and Perrimon, 1993) , an enhancer trap line which expresses Gal4 in the peripheral and central nervous system; P{w 1mW.hs GawB}69B (Brand and Perrimon, 1993) , an enhancer trap line that expresses Gal4 in the epidermis; and P{w 1mC prd::Gal4} a constructed driver line containing the11 kb 5 H regulatory region from the paired (prd) gene cloned upstream of the Gal4 coding region in a Casper-4 transformation vector (a gift of Claude Desplan). All drivers were located on the third chromosome.
We used eight lines containing Gal4 dependent responder constructs which express proteins from cDNAs cloned downstream of the Gal4 Upstream Activating Sequence (UAS). The lines used were: P{w 1mC UAS::lab}, P{w UAS::lac-Z} (Brand and Perrimon, 1993) , and P{w 1mC UAS::N. lac-Z} (attached nuclear localization sequence) (gift of Tom Jacobsen and Marc Muskavitch). All Drosophila homeotic cDNAs tested were cloned into the Gal4 responder plasmid pUAST described previously (Brand and Perrimon, 1993) . The pUAST vector, which responds to the speci®c Gal4 drivers (above), consists of a P-element plasmid with the white mini-gene as a marker. The homeotic cDNA's were cloned into a polylinker just downstream from a minimal hsp70 promoter which is activated in the presence of Gal4 due to ®ve upstream Gal4 binding sites (UAS). Homeotic cDNA clones for labial (lab), proboscipedia (pb), Deformed (Dfd), Sex combs reduced (Scr), Antennapedia (Antp), Ultrabithorax (Ubx) and abdominal-A (abd-A), as well as LacZ, were utilized for targeted ectopic expression. The lab cDNA contains genomic sequences from the second intron (Chouinard and . The labial 2.4a minigene was digested with the SspI to generate the 2.1 Kb cDNA which was inserted into pBlueScriptKS1 (Stratagene) at the EcoRV site. The cDNA was subsequently removed with EcoRI (5 H ) and KpnI (3 H ) for insertion into pUAST at the same sites. The Dfd pC41 cDNA (Regulski et al., 1987) was removed from the SP65 plasmid (Promega) with XbaI and inserted into the same site of the pUAST vector. The entire Antp G1100 cDNA (Scott et al., 1983) was inserted into pUAST at the EcoRI site. The previously described Ubx NAB3 cDNA (O'Connor et al., 1988) was inserted into pUAST at the EcoRI site. The 1.2 Kb BamHI (5 H ) and MluI (3 H ) truncated Scr L3 cDNA (Mahaffey and Kaufman, 1987 ) was inserted into pSE280 (Invitrogen) using the same sites. A partial Scr cDNA was then removed from pSE280 with NcoI (5 H ), blunted with Klenow, and then released with XhoI. This modi®ed cDNA was inserted into pUAST at the Klenow blunted EcoRI and XhoI sites. The pb cDNA utilized (Aplin and Kaufman, 1997) , comprises a 3.5 Kb cDNA clone inserted with Bgl2 and KpnI into the pUAST plasmid at the same sites. The abd-A pUAST responder line (Greig and Akam, 1993) consists of the 1.16 Kb PstI-EcoRI fragment from the 1dB-5 cDNA clone inserted with NotI-KpnI into pUAST. The UAS-N.LacZ Gal4 responder (with nuclear localization) was a gift of Tom Jacobsen (Jacobsen, 1999) . The second LacZ reporter utilized was P{w 1mW.hs , 8.9dpp::LacZ}RD2 (Hursh et al., 1993) , called dpp-LacZ. This dpp-LacZ reporter consists of the 8.9 Kb EcoRI dpp visceral mesodermal (VMS) enhancer inserted into the HZ50 plasmid which reproduces the wild-type dpp expression pattern in the VMS.
Flies of the genotype P{w 1mC prd::Gal4}/1; P{w 1mC UAS::Hox}/1 (referred to in the text as prd .Hox) were generated by crossing¯ies with the drivers to those homozygous for the responder constructs. All the resulting progeny of these crosses express Hox proteins ectopically according to the driver pattern (Fig. 1) prd::Gal4}/1; P{w 1mC UAS::Ubx}/1 are referred to as prd .Ubx. All strains of Drosophila melanogaster were maintained in standard laboratory cultures at 258C. Experimental genotypes were elevated to 298C for the enhancement of expression levels.
Protein detection
Immunohistochemistry was used to detect proteins as described previously (Gorman and Kaufman, 1995) . The antibodies used are anti-Antp hybridoma line 8C11-1 (Heuer et al., 1995) , anti-Ubx hybridoma line FP3.38 (White and Wilcox, 1984) , anti-AbdA hybridoma line DMabdA.1 subclone 648.12 (from Dianne Duncan), antiScr (Mahaffey and Kaufman, 1987) , anti-Lab , anti-Pb epitope E9 (Cribbs et al., 1992) , antiDfd (Mahaffey et al., 1989) and anti-LacZ polyclonal antibodies were produced by our lab. HRP-conjugated secondary antibodies from Jackson Labs were used for light microscopy. For confocal microscopy,¯orescence-labeled Jackson Labs secondary antibodies were utilized and embryos were viewed while mounted in 80% glycerol.
Microscopy and photography
Embryos stained for HRP-conjugated secondary antibodies were mounted on microscope slides in methyl salicylate. Slides were examined on a Zeiss axiophot and photographed with Kodak ASA 100 print ®lm at 50± 200 £ magni®cation. Confocal microscopy was performed using a Leica TCS NT.
